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CHEMISTRY OF NEARSHORE SURFICIAL SEDIMENTS FROM 
SOUTHEASTERN LAKE MICHIGAN 



Abstract. A total of 158 surficial sediment samples were collected from 
southeastern Lake Michigan in the vicinity of the Donald C. Cook Nuclear 
Plant. These were analyzed for 22 variables: Eh, pH, weight percent in- 
soluble, Ba, Ca, inorganic carbon, organic carbon, total carbon, Co, Cr, 
Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Sr, Zn, loss on ignition. Areal dis- 
tribution maps coupled with correlation coefficients and factor analysis 
illustrate that carbonates are the dominant component of the sediment 
and control its chemistry. However, iron and organic compounds are the 
most chemically active components capable of adsorption, desorption, 
precipitation, and other trace metal concentration processes. The effect 
of several small streams discharging to the lake is readily observed 
using such variables as Ca, organic carbon, and P. 



INTRODUCTION 

A survey of the surficial sediments in the vicinity of the Donald 
C. Cook Nuclear Plant located on the southeastern shore of Lake Michigan 
has been undertaken for the purpose of determining elemental distribu- 
tions, assessing plant impact on the area, discovering nearby sources of 
materials that could be mistakenly attributed to the operation of the 
plant, and gaining an understanding of the possible fate of plant dis- 
charges (Fig. 1). A total of 158 stations were occupied in the fall of 
1973. These were divided into two classes. First, the inner survey 
included those stations in the inshore area adjacent to the plant 
(Rossmann et al. 1974) (Fig. 2). Second, the general survey is com- 
prised of 104 stations collected on a 1.609-km grid (Fig. 3). At the 
time of collection, subsamples for grain size analysis were obtained. 
In general, the sediments are sands which progressively become more 
silty offshore (Seibel et al. 1974). 

METHODS 

Samples were collected using a Ponar grab sampler. Subsamples for 
chemical analysis, grain size analysis, and electrode measurements were 
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FIG. 1. Location of the Donald C. Cook 
Nuclear Plant. 



removed from the top 2-3 cm of the grab samples. By inserting the elec- 
trodes and a thermometer directly into the sediment, field measurements 
of Eh, pH, and temperature were made on the samples immediately after 
collection. All pH measurements were made using a rugged pH electrode 
and a calomel fiber junction saturated potassium chloride reference 
electrode. Standardization for the measurements was accomplished using 
commercially available pH buffer solutions. Eh measurements made use 
of the same reference electrode and a platinum inlay electrode. 
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FIG. 2. Inshore survey surficial sediment stations. 



Standardization was against Zobell's solution (Zobell 1946). Temperature 
measurements were made with a standard glass laboratory thermometer. 
After texture and color were noted, the sediment was stored in poly- 
ethylene bags for laboratory analysis. 

In the laboratory, the samples were oven dried at 100°C and ground 
using a mixer mill. Two-gram ground samples for major, minor, and trace 
element analyses were extracted in a 10% hydrochloric acid-30% hydrogen 
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FIG. 3. General survey surficial sediment stations. 



peroxide solution kept hot (near boiling) for a period of 40 hr. The 
extract was separated from the insoluble residue by filtration through 
fritted glass funnels. The residue was then dried and weighed to obtain 
weight percent insoluble. The filtered extract was brought to volume 
in a 50-ml volumetric flask and stored in polyethylene bottles. Analyses 
for calcium, magnesium, sodium, potassium, manganese, iron, barium, copper, 
cobalt, nickel, molybdenum, strontium, chromium, and zinc were done by 
standard atomic absorption spectrophotometry techniques (Perkin Elmer 
1968) . Phosphorus was done by extraction as molybdenum heteropoly acids 
and measurement for molybdenum by atomic absorption spectrophotometry 
(Ramakrishna et al. 1969). Samples for loss on ignition were ignited 
in a muffle furnace at 1000°C for a period of 1 hr. 

Total carbon analyses were done on oven-dried (110°C) ground samples 
gasometrically by hydroxide absorption using a LEC0 carbon analyzer. In- 
organic carbon was measured using a modification of the LEC0 carbon 
analyzer system whereby the sample is reacted with hot 2N hydrochloric 
acid (Kolpack and Bell 1968) . Organic carbon is considered to be equal 



to total carbon minus inorganic carbon. 



RESULTS 



Parameters investigated include isolubles, Eh, pH, barium, calcium, 
total carbon, inorganic carbon, organic carbon, cobalt, chromium, copper, 
iron, potassium, magnesium, manganese, molybdenum, sodium, nickel, phos- 
phorus, strontium, zinc, and loss on ignition. These parameters were 
chosen to define major components of the sediment and to describe the 
distribution of various elements expected to be released by the plant as 
stable and radioactive species (Appendices A, B) . The zinc value for 
station UM-SCHEM-73-51 is very high. This may be the result of either 
sample contamination or subsampling problems. Little difference between 
inner survey and general survey mean elemental concentrations was found 
to exist (Tables 1, 2). This is expected since the two sets of stations 
were not chosen to define inshore/offshore relationships. The choice 
was made solely on the need to most intensively study the sediments 
nearest the plant. 

Each major component of the sediment may have one or more chemical 
species associated with it. This association can be the result of pre- 
cipitation, adsorption, and/or chemistry of the parent material. Various 
components of the sediment which have been described for Lake Michigan 
are: 1) ferromanganese compounds, 2) clay minerals as contained within 
the clay sized fraction of the sediment, 3) carbonate minerals, 4) 
organic matter, and 5) silicates (not including clay minerals) (Callender 
1969; Ruch et al. 1970); Schleicher and Kuhn 1970; Shimp et al. 1971; 
Kennedy et al. 1971; Rossmann 1972). 

Each of these components may be defined by one or more chemical 
parameters, some of which are obvious. Sediments which are relatively 
enriched with iron and/or manganese contain a relatively high percentage 
of the ferromanganese component. Organic carbon is self-explanatory. 
Clay minerals are found associated with clay-size sediment. Thus this 
fraction of the sediment is defined by the percentage of clay-size 
material in the sediment. The carbonate sedimentary fraction is well 



TABLE 1. General survey mean elemental concentrations. Weight percent; 
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Standard 








Variable 


Mean 




deviation 




Minimum 


Maximum 


Loss on 














ignition 


7.1642 




6.0626 




.70000 


22.390 


Insoluble 


81.247 




14.053 




44.490 


97.970 


Ba 


. 36151x10" 


-2 


.27748x10" 


-2 


. 88200x10" 3 


.12805x10" l 


Ca 


3.2217 




2.4793 




.24510 


10.812 


Total 














carbon 


2.0100 




1.7218 




.20000 


6.0000 


Inorganic 














carbon 


1.6112 




1.4942 




.30000x10"! 


5.0100 


Organic 














carbon 


.42740 




.38579 




0.0 


2.3700 


Co 


. 58017x10" 


-3 


.32829x10" 


-3 


.14500xl0"" 3 


,16090xl0" 2 


Cr 


.16437x10" 


"2 


.11243x10" 


"2 


.19000x10"^ 


.54960xl0 -2 


Cu 


.53411x10" 


-3 


.52063x10" 


-3 


. 21000xl0 _,+ 


.20060xl0- 2 


Fe 


1.2381 




.87439 




.12555 


5.1520 


K 


.16194 




.12979 




.36999xl0 _1 


.75423 


Mg 


1.6572 




1.4306 




0.0 


5.5402 


Mn 


. 20532x10" 


"1 


.16752x10" 


"1 


.7 3300x10" 3 


.92698xl0 _1 


Mo 


. 30565x10" 


-3 


.34907x10" 


-3 


.lOOOOxlO" 5 


.16160xl0" 2 


Na 


. 30049x10" 


-1 


.11955x10" 


•1 


.10336xl0 _1 


•58285xl0 _1 


Ni 


. 10316x10" 


■2 


.65635x10" 


■3 


. 24200xl0" 3 


.26440xl0" 2 


P 


.22096x10" 


-1 


.19743x10" 


•1 


. 23840xl0- 2 


.19299 


Sr 


.23581x10" 


■2 


. 11100x10" 


•2 


.51300xl0- 3 


.52960x10-2 


Zn 


.52109x10" 


■2 


.41359x10" 


■2 


•11580xl0" 2 


.22268xl0 _1 



TABLE 2. 
samples. 


Inner survey mean 


elemental concentrations. Weij 


ght percent; 65 




Variable 


Mean 




Standard 
deviation 




Minimum 


Maximum 


Loss on 
ignition 


8.5277 




6.4186 




.79000 


22.390 


Insoluble 


78.341 




14.354 




46.170 


97.970 


Ba 


.43347x10" 


-2 


.30854x10" 


-2 


. 10240x10" 2 


.12805xl0 _1 


Ca 


3.7013 




2.6606 




.24510 


10.812 


Total 
carbon 


2.4097 




1.8522 




.28000 


6.0000 


Inorganic 
carbon 


1.9468 




1.5953 




. 60000x10" X 


4.7800 


Organic 
carbon 


.48615 




.43151 




0.0 


2.3700 


Co 


.65858x10" 


"3 


.30483x10" 


-3 


.14500x10-3 


.14150xl0~ 2 


Cr 


.17772x10" 


-2 


.12568x10" 


"2 


.WOOOxlO" 1 * 


.54960x10-2 


Cu 


.60783x10" 


-3 


.54852x10" 


-3 


.21000xl0 _tt 


. 20060xl0" 2 


Fe 


1.4254 




.95421 




.12555 


5.1520 


K 


.19406 




.13970 




.44439xl0 -1 


.75423 


Mg 


1.9462 




1.5653 




0.0 


5.5402 


Mn 


.24697x10" 


-1 


.17732x10" 


-1 


•10270xl0" 2 


.92698xl0 _1 


Mo 


. 40240x10" 


■3 


.39209x10" 


"3 


.lOOOOxlO" 5 


.16160xl0" 2 


Na 


.32576x10" 


-1 


.12901x10" 


•1 


.11606xl0 _1 


.58285xl0 -1 


Ni 


. 11489x10" 


"2 


.67689x10" 


■3 


.25900xl0" 3 


.25730xl0" 2 


P 


.25052x10" 


■1 


.23596x10" 


■1 


.23840xl0" 2 


.19299 


Sr 


.25835x10" 


•2 


.11848x10" 


-n 


.52400xl0~ 3 


,52960xl0" 2 


Zn 


.61205x10" 


■2 


.45836x10" 


•2 


.11580xl0" 2 


.22268xl0 _1 



defined by high calcium, magnesium, and inorganic carbon concentrations. 
The silicates (mainly quartz, some feldspar and rock fragments), exclud- 
ing the clay minerals, are easily defined as sediments with a low loss on 
ignition, high percentage of coarse-size material, and high weight percent 
insoluble. 

The sediment components of the study area may be divided into two 
broad categories. These are silicates and non- silicates. The silicates 
include quartz, feldspars, siliceous rock fragments, and clay minerals. 
Of these, quartz is by far the most abundant. The clay minerals are not 
present in amounts which allow any conclusions about their effect to be 
drawn at this time. The non-silicates include ferromanganese compounds, 
organic matter, dolostone, and limestone. Of these, the carbonates are 
most abundant. 

SILICATES 

The general distribution of sediments relatively rich in this frac- 
tion is best represented by a map of weight percent insoluble data. 
Weight percent insoluble is that fraction of the sediment not dissolved 
by a near-boiling mixture of 10% v/v hydrochloric acid and 30% hydrogen 
peroxide for a period of 40 hr. 

The distribution of the insoluble fraction of the sediment is shown 
in Fig. 4. The percentage of insolubles generally decreases -in an off- 
shore direction. This is the direct result of dilution of the insolubles 
by the very fine-grained soluble carbonate and organic matter components. 
Several disruptions of the general distribution pattern should be noted. 
The "bull's-eye" of low values to the northwest may not be representative 
because it is defined by only one point. However, a similar looking low 
value offshore of Warren Dunes is the result of the addition of relatively 
high amounts of non-silicates by the two streams entering the lake south 
of Warren Dunes. Similarly, though not as pronounced, the small area of 
low percentages offshore of Bridgman is related to the discharge of a 
stream to the lake. 

Offshore of the Cook Plant, an area exists which in enriched in 
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FIG. 4. General survey weight percent insoluble areal distribution. 



insolubles. This is possibly the result of construction of the plant 
and a temporary safe harbor. Because concern was expressed about long- 
shore current depletion of sand due to the safe harbor, sand was trans- 
ported to the lake south of the plant to insure no erosion of beaches in 
the area. A general northward direction of the lake's currents further 
offshore is illustrated by the stringer of sand from the main body lead- 
ing toward the northeast. In addition, construction of the intakes and 
discharges of the plant could have allowed a loss of the finer-grained 
sediments through a winnowing process during dredging. The final dis- 
tribution feature is the wavy pattern offshore. This is believed to 
result from a series of ridges and valleys running perpendicular to the 
shoreline. Those with percentages forming peaks pointing shoreward are 
valleys and those offshore are ridges, as illustrated by comparing Fig. 
4 with a contour map of the area (Fig. 5). The inner survey weight 
percent insoluble distribution results are quite similar to those for 
the general survey (Fig. 6). They reflect bottom topography slope (Fig. 
7) . Samples collected from areas of relatively low slope have a rela- 
tively low weight percent insoluble compared to those from areas of high 
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FIG. 5. Bathymetry of general survey study area. 

slope. In particular, samples collected from the intervals of 6-8 m, 
12-14 m, and 16-18 m are enriched in acid soluble materials. The very 
low weight percent insoluble south of the plant (68%) may be a non- 
representative sample enriched with carbonates. However, it does fall 
on the edge of the 6-8 m zone and may represent a small local bathymetric 
depression. A decrease in weight percent insoluble in an offshore 
direction is evident in the general survey but not in the inner survey. 
This is most likely the result of the inner area occurring in the zone 
of active current and wave energy dissipation. 

For the area surveyed, the sediments are not fine-grained enough to 
allow a sufficient percentage of clay minerals to be present. Undoubtedly, 
clay minerals will be an important sedimentary component of the finer- 
grained sediments further offshore. In order to assess their relative 
importance, additional samples have been collected from offshore areas. 
None of the minor or trace elements measured can be associated with the 
silicate fraction of the sediment with the exception of loss on ignition 
at 1000°C which will be discussed below. 
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FIG. 6. Inner survey weight percent insoluble areal distribution. 

NON- SILICATES 

Limestone, dolostone, organic matter, and ferromanganese compounds 
comprise the non-silicate fraction of the nearshore sediments. As a 
group, their occurrence is delineated by loss on ignition data (Figs. 
8, 9). The distribution pattern obtained from these data indicates this 
fraction of the sediment is most important offshore and adjacent to 
streams and in small local depressions or areas of relatively low slope 
in the inshore regions of the study area. 
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FIG. 7. Bathymetry of inner survey study area. 

Cavbonates 

Since limestone and dolostone are the major constituents of the non- 
silicate fraction, a pronounced similarity exists between the loss on 
ignition (Figs. 8, 9) and inorganic carbon (Figs. 10, 11) distribution 
maps. A notable exception in this comparison is the high loss on igni- 
tion towards the northeast. This is not reflected by the inorganic 
carbon distribution (Figs. 8, 10). Figure 12 illustrates that the 
anomaly is the result of an organic carbon content higher than that of 
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FIG. 8. General survey loss on ignition areal distribution. 
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FIG. 9. Inner survey loss on ignition areal distribution. 
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FIG. 10. General survey inorganic carbon areal distribution. 
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FIG. 11. Inner survey inorganic carbon areal distribution. 
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FIG. 12. General survey organic carbon areal distributi 
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the survey area in general. For the inner survey, the high loss on 
ignition does not coincide with the area of high inorganic carbon south 
of the plant. This is believed in part to represent subsampling problems 
inherent when dealing with coarse sand and gravel and in part to an 
increase of organic carbon (Fig. 13) and iron concentrations (see 
Ferromanganese Section) . 

Since total carbon (Figs. 14, 15) and inorganic carbon distributions 
are the same, a discussion of inorganic carbon applies to total carbon. 
The two patterns are similar because organic carbon is generally present 
in concentrations lower than those of inorganic carbon (Tables 1, 2). 
Hence, organic carbon has little effect on the variability of total 
carbon. 

Inorganic carbon is representative of the carbonate component. 
Numerous features of its distribution confirm that it is transported to 
the lake as a very fine-grained suspension which eventually settles out 
in the lower energy offshore environment. South of Warren Dunes, two 
small streams discharge to the lake (Fig. 10). In the vicinity of these 
streams outcrops of carbonate-rich clay were observed on the shoreline. 
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FIG. 13. Inner survey organic carbon areal distribution. 

During spring rains and other periods of high water flow, these small 
streams most likely transport large quantities of detrital carbonates 
derived from local sources to the lake. This phenomenon is recorded as 
high inorganic carbon values in the surf icial sediments offshore of 
where these streams discharge into the lake. The fine-grained detrital 
nature of these shore-derived detrital carbonates is supported by the 
increase offshore of inorganic carbon, indicating that the carbonates 
are fine-grained enough to require a relatively quiescent area for 
deposition. This is further illustrated by its increase in the small 
valleys perpendicular to shore. Since these are topographic lows, they 
are less subject to wave and current action. 

The final feature of the inorganic carbon distribution is the zone 
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FIG. 14. General survey total carbon areal distribution. 
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FIG. 15. Inner survey total carbon areal distribution. 
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of low concentration offshore of the Cook Plant (Fig, 10). This zone 
exists because construction may have introduced large quantities of 
carbonate-free sand and/or allowed winnowing out of the finer-grained 
carbonate materials. The shape of this low concentration zone suggests 
a current having an average direction of northeastward. In the topo- 
graphic low (offshore trough) slightly north of the plant, construction 
has apparently either created this low or winnowed materials such that 
fine-grained sediments were able to accumulate in an already existing 
depression (Fig. 11). 

In addition to total carbon and inorganic carbon, calcium and mag- 
nesium are representative of the limestone (CaC03) and dolostone (Ca Mg 
(003)2) subfractions. Calcium percentages in the surficial sediments 
increase in an offshore direction and are anomalously high offshore of 
local inputs to the lake (Fig. 16). As expected, its distribution 
(Figs. 16, 17) is very similar to that of inorganic carbon (Figs. 10, 11). 
The majority of calcium is transported to the lake as detrital carbonates. 
Indications of this transport are local high values offshore and south of 
Warren Dunes and offshore of Bridgman (Fig. 16). The "bull's-eye" to the 
northeast represents only one point and should be viewed with caution. 
An area of low calcium offshore of the Cook Plant may be the result of 
construction activities as discussed previously. Magnesium mimics the 
distribution of calcium (Figs. 18, 19). This lends support to the notion 
that the majority of the carbonate present in the study area is dolo- 
stone. 

Organic Carbon 

Other components associated with the non-silicate sediment fraction 
are organic carbon and iron, which represent the organic carbon and 
ferromanganese components, respectively. Although it has a distribution 
somewhat similar to that of total carbon and inorganic carbon, the 
organic carbon distribution seems to be more energy controlled. Though 
it increases in an offshore direction (Fig. 12), it does not increase 
as rapidly as inorganic carbon (Fig. 10). This is based upon its 
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FIG. 16. General survey calcium areal distribution. 
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FIG. 17. Inner survey calcium areal distribution. 
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FIG. 18. General survey magnesium areal distribution. 
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FIG. 19. Inner survey mangesium areal distribution. 
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inability to reflect topographic changes as well as the inorganic carbon. 
Plant construction appears to have had an effect upon its distribution 
in the same manner as it did on the inorganic carbon distribution. The 
"bull's-eye" high north of the plant is considered to be a non-representa 
tive sample (Fig. 12). However, this area and the one offshore and south 
of the plant (Fig. 13) should be viewed as ones which to some degree 
represent sediments with a high organic carbon component. 

Within the inshore region of the study area, organic carbon is high 
offshore of streams south of Warren Dunes, of a stream receiving dis- 
charges from Bridgman's filtration plant, and of an area north of the 
plant from an unknown source (Fig. 12). These highs are indicative of 
man's impact on the inshore areas. 

Fervomanganese 

Since manganese compounds are for the most part absent from the 
study area, the distribution of iron will be used to describe this sedi- 
ment component. Having a distribution similar to that of the other non- 
silicate variables thus far discussed, iron increases in an offshore 
direction (Fig. 20). Iron is believed to precipitate in the lake as 
ferric hydroxide. Because the ferric hydroxide precipitated requires a 
low energy, low sedimentation rate, and somewhat oxidizing environment 
of deposition for continued existence, it will be found in the fine- 
grained offshore sediments. One "bull's-eye" exists offshore of the 
Cook Plant. Though this is representative of only one data point in the 
general survey, it is represented by several data points of the inner 
survey (Fig. 21). This area is the most representative of the ferroman- 
ganese sediment component. A high concentration offshore of Bridgman 
demonstrates that iron is transported to the lake via the stream. Anothe: 
high, adjacent to the shore north of the Cook Plant, is believed to 
represent an unknown and perhaps intermittent source of drainage to the 
lake. An area of high iron concentration further offshore from this 
unknown source may be related to it. 
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FIG. 20. General survey iron areal distribution. 
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FIG. 21. Inner survey iron areal distribution. 
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DISCUSSION 

The chemical importance of each component may be viewed in two 
different ways. Each component's importance may be calculated assuming 
that its importance is in proportion to its abundance or is in pro- 
portion to its chemical activity. Abundance calculations have been done 
assuming that the carbonate component is primarily dolostone, the ferro- 
manganese component is primarily ferric hydroxide, and the silicate 
component is primarily quartz. The relative abundance of each component 
is 12%, 2%, and 85% respectively. The organic carbon component averages 
less than 1%. 

Though they are by far the most abundant, the silicates are rather 
unimportant in adsorption and precipitation processes except for the 
clay minerals. Since clay minerals are not considered to be abundant 
within the present bounds of the survey area, they are relatively un- 
important. However, they most likely are very important further offshore. 
Clay minerals will adsorb cations. Illite, kaolinite, chlorite, and 
vermiculite all exhibit a negative surface charge (Carroll 1959) . All 
these are found in the less than 2-micrometer fraction of sediments in 
southern Lake Michigan (Shimp et al. 1971). The charge imbalance in 
illite and chlorite results from a substitution of Al-"" for Si^ + in the 
mineral structure (Carroll 1959). In kaolinite, the negative charge 
results from the negative charges of terminal oxygen atoms at the edges 
of the structural sheets (Carroll 1959) . Since ea^h clay mineral has a 
negative surface charge, it may be expected to adsorb cations from 
solution. For this reason, additional samples have been collected from 
further offshore to assess the relative importance of clay minerals in 
the scavenging of cations from solution. 

In the survey area, the most important components of the sediment 
with respect to the overall chemistry of the sediment are carbonates and 
iron compounds. This is illustrated by both correlation (Tables 3, 4) 
and factor matrices (Tables 5, 6) calculated for samples collected from 
the survey area. Factor I can be considered representative of the 
silicates and non-silicates. Since the non-silicates are primarily the 
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carbonates, the conclusion may be drawn that most of the chemical vari- 
ability observed for the surficial sediments is related to the carbonates. 
Areal distributions of each of the trace elements (general survey Figs. 
22-32; inner survey Figs. 33-43) illustrate this conclusion. Each dis- 
tribution is very similar to that of Ca, Mg, and inorganic carbon which 
are representative of the carbonate distribution. 

The manganese distribution is particularly interesting. Manganese 
is believed to be concentrated in the surficial flocculent material. 
This makes its distribution particularly subject to local currents. The 
vast area of low manganese offshore of the plant site indicates a possible 
disturbance of the floe by pumping and/or construction activities. 
Later studies are needed to confirm or deny this observation. 

In addition, the importance of stream discharges upon the trace 
element chemistry of the inshore sediments should be noted. The carbon- 
ates in the survey area are detrital. This material is partly introduced 
to the area by several small streams and surface runoff. Referring to 
Fig. 10, the occurrence of the carbonate-rich clay south of Warren Dunes 
is reflected in the high carbonate content of the sediment offshore. 
Since the carbonates are fine grained, they are ultimately deposited in 
areas of relatively low energy. These areas are found at depths greater 
than 23 m and local depressions where wave and current energy become 
sufficiently decreased to allow fine-grained carbonate deposition. 

Though the carbonates control the surficial sediment chemistry, 
they most likely will not be involved in any uptake of materials released 
from the plant. Only f erromanganese compounds and organic carbon in 
addition to the clay minerals are expected to be of importance. 

Iron and manganese compounds are capable of removing trace elements 
from solution. This mechanism may be precipitation and/or adsorption. 
For example, Rossmann (1973) found the occurrence of authigenic psilo- 
melane in f erromanganese nodules from Green Bay, Lake Michigan. This 
mineral contains barium as well as manganese. Thus barium has been re- 
moved from solution through a precipitation process. Likewise, iron 
may precipitate as iron phosphate in small amounts. 

Colloidal hydrated manganese oxides and hydrated iron hydroxides 
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FIG. 22. General survey barium areal distribution. 
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FIG. 23. General survey cobalt areal distribution. 
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FIG. 24. General survey chromium areal distribution. 
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FIG. 25. General survey copper areal distribution. 
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FIG. 26. General survey manganese areal distribution. 
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FIG. 27. General survey molybdenum areal distribut 



ion. 
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FIG. 28. General survey nickel areal distribution. 
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FIG. 29. General survey potassium areal distribution. 
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FIG. 30. General survey sodium areal distribut 
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FIG. 31. General survey strontium areal distribution. 
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FIG. 32. General survey zinc areal distribution. 

adsorb ions from solution. Their ability to adsorb trace ions is re- 
lated to their surface charge which is determined by the relative 
amounts of hydroxide and hydrogen surface ions, and thus to pH. The 
zero point of charge (ZPC) , also known as the isoelectric point for 
solids (IEPS), is the pH at which colloidal hydrated compounds exhibit 
no net surface charge. Above this pH, the hydrated compounds are nega- 
tively charged and below it positively charged. Amorphous iron hydroxide 
has a ZPC of pH 8.5 (Parks 1965). Since lake water in the vicinity of 
the Cook Plant has a pH ranging from 8.3 to 8.8, the ferric hydroxide 
sols can be expected to exhibit no net surface charge. However, within 
the sediments the iron hydroxides would carry a positive charge since 
the pH of the sediments is seldom above 8.0. 

On the other hand, hydrated manganese oxides in Lake Michigan may be 
expected to have a strong negative surface charge. Healy, Herring and 
Fuerstenau (1966) report a ZPC of pH 1.8 for the synthetic compound 10°A- 
manganite. Since one of the predominant manganese minerals in Green Bay 
is todorokite, the naturally occurring equivalent of 10°A-manganite, 
manganese oxides in the lake will exhibit a net negative surface charge 
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FIG. 33. Inner survey barium areal distribution. 
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FIG. 34. Inner survey cobalt areal distribution. 
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FIG. 35. Inner survey chromium areal distribution. 
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FIG. 36. Inner survey copper areal distribution. 
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FIG. 37. Inner survey manganese areal distribution. 
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FIG. 38. Inner survey molybdenum areal distribution. 
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FIG. 39. Inner survey nickel areal distribution. 
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FIG. 40. Inner survey potassium areal distribution. 
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FIG. 41. Inner survey sodium areal distribut 
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FIG. 42. Inner survey strontium areal distribution. 
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FIG. 43. Inner survey survey zinc areal distribution. 
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(Rossmann et al. 1972). Therefore hydrated manganese oxides will adsorb 
cations, and hydrated ferric hydroxide may or may not adsorb anions. 
Rossmann (1973) illustrated for Green Bay where the pH of the water 
averages below 8.0 that anions are associated with iron compounds and 
cations with manganese compounds in f erromanganese nodules. 

Although cations undoubtedly are associated with the manganese com- 
pounds, this is not evident from the factor matrices (Tables 5, 6). Be- 
cause manganese compounds are so much less abundant than the other 
major components of the sediment, their effect on surficial sediment 
chemistry is impossible to assess. Samples from further offshore may 
aid in assessing the relative role of manganese compounds. 

The role of the iron compounds is illustrated by Factors II and 
III (Tables 5, 6). The only elements associated to any degree with the 
Fe are Cr, P, organic carbon and perhaps Mn. This is predicted if 
adsorption is occurring. Chromium (chromate) and phosphorus (phosphate) 
exist as anions in solution. Iron and phosphorus may be precipitated 
as an iron phosphate. The only difference between the two surveys is 
that Fe and organic carbon are not associated for the inner survey 
stations. 

The distribution of phosphorus in the surficial sediment (Fig. 44) 
is particularly interesting. An area of very high concentration is 
directly offshore of Bridgman, which has a filtration treatment plant 
located near the mouth of the stream discharging to the lake. The 
phosphorus in the sediments is definitely linked to this creek. 
Measurement of orthophosphate and total phosphate have yielded values 
as high as 1430 ppb P and 3225 ppb P, respectively. This is compared 
to maxima of 21.9 ppb P and 92.0 ppb P, respectively, for other streams 
discharging into the survey area. The predominant longshore current 
is northward, as illustrated by the area of relatively high phosphorus 
projecting toward the north and extending nearly as far as the Cook 
Plant. The relatively high phosphorus within 1500 m of the plant may 
be derived from the Bridgman filtration plant or may represent several 
small bathymetric depressions near the Cook Plant (Fig. 45). 
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FIG. 44. General survey phosphorous areal distribution. 
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FIG. 45. Inner survey phosphorous areal distribution. 
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Organic matter consists of a combination of organic detritus trans- 
ported to the lake by streams or runoff and dead organisms indigenous 
to the lake. Factors III and IV (Tables 5, 6) illustrate this component. 
Factor II shows that organic carbon has a direct relationship with iron 
and chromium, perhaps through the occurrence of both in the fine-grained 
flocculent material at the surface of the sediment. However, Factor III 
shows that it is not related either directly or inversely to any of the 
other components. Organic matter may become an important component of 
the sediment for accumulation of those trace metals utilized and con- 
centrated by organisms which die and become incorporated into the lake's 
sediment. 

CONCLUSIONS 

The distributions of insoluble, loss on ignition, barium, calcium, 
total carbon, inorganic carbon, organic carbon, cobalt, chromium, copper, 
iron, potassium, magnesium, manganese, molybdenum, sodium, nickel, total 
phosphorus, strontium, and zinc in the surficial sediments in southeastern 
Lake Michigan in the vicinity of the Donald C. Cook Nuclear Plant have 
led to numerous conclusions. These include: 

1) Three small streams discharging into Lake Michigan south 

of the plant have profoundly increased surficial sediment 
concentrations of most of the chemical parameters 
measured. 

2) Construction of the plant's intakes and discharges may have 

altered the surficial sediment chemistry offshore of the 
plant . 

3) The St. Joseph River has no observable effect upon the lake 

sediments adjacent to the plant for those parameters 
investigated. 

4) The stream which discharges just south of the plant is 

capable of delivering various chemical species to waters 
offshore of the plant. 

5) The predominant current several miles offshore is north- 

eastward. 

6) An unknown source of substances measured exists north of 

the plant. 

7) Carbonates control surficial sediment elemental concentra- 

tions in the survey area. 
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8) All variables factor with the carbonates. 

9) Weight percent insoluble is inversely related to most 

variables. 

10) Phosphorus, manganese and iron are associated with the 

f erromanganese component . 

11) Chromium is associated with iron compounds, 

12) Organic carbon is associated with iron compounds to a small 

degree but for the most part is independent of all 
measured parameters. 

These conclusions should supplant those made by Rossmann et al. (1974). 

Although clay minerals may be important, they, like the manganese 
compounds, are present in quantities so small that conclusions about 
their importance are impossible to make at this time. Because of the 
need to assess the role of clay minerals and manganese compounds, addi- 
tional samples will be collected from areas further offshore. Finally, 
to establish the true area influenced by the St. Joseph River, additional 
samples to the north of the plant will be collected. 

Any monitoring of the sediments for the impact of plant discharges 
should be done in areas of high iron, manganese, organic carbon, or 
clay mineral content where accumulation and concentration of radioactive 
isotopes to be released to the lake by the plant directly and indirectly 
are most likely. Since elements are relatively high in areas of low 
slope or in depressions, this monitoring should concentrate on those 
areas bounded by the 6-8 m, 12-14 m, and 16-22 m contour intervals, the 
small offshore trending trough slightly north of the plant, and the off- 
shore extreme of the general survey. 
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APPENDIX C. Limit of detection for elements analyzed 
by atomic absorption spectrophotometry. These limits 
apply only to the data presented in this publication. 

Element Limit (weight percent) 

Ca 2.1 x 10-3 

Mg 2.5 x 10" 2 

Fe 9.1 x 10" 4 

Mn 8.9 x 10~ 5 

Na 1.3 x 10" 4 

K 1.2 x 10" 3 

3- 4 
.-5 



Ba 1.6 x 10 4 



Co 1.2 x 10 

Cr 4.4 x 10" 5 

Cu 1.2 x 10" 5 

Mo 6.2 x 10~ 5 

Ni 8.3 x 10" 5 

P 5.0 x 10" 3 

Sr 4.2 x 10 -5 

Zn 9.6 x 10" 5 
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